In the upcoming fifth-generation (5G) mobile network, the filter bank multi-carrier (FBMC) technique provides an alternative to cyclic prefix-orthogonal frequency-division multiplexing (CP-OFDM). The most fascinating features of FBMC are high spectral efficiency and extremely low out-of-band emissions by removing the CP and using well-localized pulse shapes. FBMC exhibits intrinsic inter-carrier/intersymbol interference which can be mitigated by techniques such as offset quadrature amplitude modulation (OQAM). However, OQAM does not work well in multi-path fading channels. Consequently, conventional channel estimation methods and MIMO based upon space-time/frequency block coding are not straightforward applicable to the FBMC system. This paper presents two new transceiver architectures for the FBMC/QAM matrix. First of all, the matrix models of the FBMC/QAM scheme are derived. Second, based on the matrix models, three receiver methods are then described. Then, the scheme of combining FBMC/QAM with channel estimation and MIMO is proposed. Finally, two simplified receiver algorithms based on the matrix models are proposed. Simulation results indicate that the proposed transceivers of the FBMC/QAM matrix scheme can directly combine with the channel estimation and MIMO techniques used in conventional OFDM systems. Furthermore, the proposed transceivers of the FBMC/QAM matrix scheme have almost the same BER performance compared with the conventional OFDM systems.
I. INTRODUCTION
Cyclic prefix-orthogonal frequency division multiplexing (CP-OFDM) [1] as a physical layer interface has been widely used in today's digital communication systems. The CP of OFDM improves robustness against impairments caused by multi-path fading [2] . Unfortunately, this is achieved at the expense of spectral efficiency. Moreover, due to the high outof-band (OOB) emissions caused by the rectangular pulse shape, OFDM cannot support effective asynchronous access.
Among many new multi-carrier technologies, filter bank multi-carrier (FBMC) [3] - [5] utilizes well-localized pulse shapes to reduce the OOB emissions. It also has the advantage of high spectral efficiency by removing the CP. Moreover, FBMC does not need strict synchronization [6] , [7] . The attractive features of FBMC come at the expense of the intrinsic inter-carrier interference (ICI) and inter-symbol interference (ISI). In order to mitigate intrinsic interference, FBMC employs offset quadrature amplitude modulation (OQAM) to transmit the real and imaginary parts of complex-valued symbols. Although OFDM transmits QAM symbols directly, the real or imaginary part of a FBMC/OQAM symbol is delayed only by half of the symbol duration, so that the symbol rate is twice as fast as OFDM. Therefore, they can achieve similar spectral efficiency [8] .
However, the complex-valued response of the channel destroys the real orthogonality of OQAM, resulting in that FBMC/OQAM cannot accurately estimate the channel. Therefore, some preamble-based channel estimation methods are proposed in [9] - [12] . Although these methods can indeed solve the channel estimation problem of FBMC/OQAM, the combination of OQAM and MIMO proves a challenging research problem.
Lin et al. [13] propose a CP-OQAM pseudo-Alamouti transceiver, but this scheme requires additional CP, which degrades the spectral efficiency. Moreover, the combination of OQAM and MIMO [14] - [16] inherently has many disadvantages. Thus, some combined QAM and MIMO solutions have been proposed. Zakaria and Ruyet [17] propose to transmit complex-valued symbols alternated with null data, which can transform two-dimensional inter-symbol interference into one-dimensional inter-symbol interference. However, the bit error rate (BER) performance of FBMC in [17] is still worse than that of OFDM. In [18] , an iterative interference cancellation MLD receiver was proposed to perform per-tone MLD without performance degradation. In [19] , a FBMC system that can transmit QAM symbols is proposed. It utilizes two filters on odd and even numbered sub-carriers to eliminate interference. However, the orthogonality conditions of FBMC/QAM do not hold perfectly under multipath fading channels [20] , [21] . Moreover, the FBMC/QAM system mentioned in [19] has larger OOB emissions compared with the OFDM systems. In [22] , FFT-FBMC is proposed without intrinsic interference in MIMO system. However, the FFT-FBMC system needs additional CP and also has the worse BER performance compared to OFDM. Lélé et al. [23] propose use Alamouti coding in conjunction with OFDM/OQAM, but only when it is combined with code division multiple access (CDMA).
Internet of Things (IoT) and machine-type-communication (MTC) will play an important role in future wireless communication systems. These application scenarios are mainly short packet transmission. Therefore, the waveform demands efficient support of short transmission bursts. Moreover, in order to achieve efficient bandwidth traffic, the next generation systems also need to support multi-antenna technology, i.e., MIMO.
In this paper, a new transceiver model for FBMC/QAM is proposed. The characteristics of the proposed model can be summarized as follows. The transmitter directly transmits the QAM symbol, and the functional blocks, such as upsample, multi-carrier modulation and pulse shaping, can be described by matrix operations. Based on the FBMC/QAM scheme, a transmitter architecture that is more suitable for IoT and MTC communications is also proposed, i.e., cycle superimposition-FBMC/QAM (CS-FBMC/QAM). The proposed architecture can directly apply existing channel estimation and MIMO technology, which makes it easier to combine FBMC and MIMO. In addition, CS-FBMC/QAM has shorter transmission bursts than OFDM, which can benefit scenarios such as IoT and low latency. The corresponding receiver based on the transmitter have three standard means of detecting the signal, i.e., the matched filter (MF), zero forcing (ZF) and minimum mean square error (MMSE), which are different operations of the transmitter matrix. What's more, the impact on the performance of the receiver is compared in terms of different pulse shaping filters. Meanwhile, the combination of existing techniques (i.e., channel estimation and MIMO) and the proposed FBMC/QAM and CS-FBMC/QAM is also analyzed and simulated. Besides, based on the ZF receiver, a low-complexity implementation of the FBMC/QAM and CS-FBMC/QAM scheme is designed finally.
The remainder of this paper is organized as follows. The FBMC/OQAM system model is reviewed in Section II. Section III describes the transceiver of the proposed FBMC/QAM and CS-FBMC/QAM scheme. Channel estimation and MIMO are presented in Sections IV and V, respectively. The low complexity implementation is detailed in Section VI. Section VII presents the simulation results, followed by concluding remarks drawn in Section VIII.
II. FBMC/OQAM SYSTEM MODEL
The system model of FBMC/OQAM is reviewed in this section. The baseband equivalent of a discrete-time signal at the output of the FBMC/OQAM transmitter can be written as follows [24] 
where l ∈ Z is the sample index, a m,n (n = 0, 1, . . . , N − 1, n ∈ Z) denotes the symbol transmitted by the sub-carrier of index n during the m'th symbol time. g m,n (l) represents the time and frequency shifted version of the prototype function g(l), which can be expressed as
where mN 2 ≤ l ≤ mN 2 + KN − 1, K is the upsample factor, and generally K = 4.
Let r be the vector of time samples r[n] at the receiver. Further, denote by w ∼ N 0, σ 2 n the additive white Gaussian noise (AWGN). At the receiver side, the received signal can be expressed as
where s is the vector of s (l), H denotes the channel. In AWGN channels, we have H = I, hence r = s + w. For Rayleigh multipath channels, H is a convolution matrix constructed from a channel response h(n) with an exponential power delay profile. Before frequency domain equalization (FDE) and OQAM demodulation, the desired signal for the n's sub-carrier at time m can be described aŝ Hence, equation (4) can be rewritten aŝ
Unfortunately, g p,q m,n = δ m,p δ n,q , which means there is intrinsic interference in the FBMC/OQAM system. Specifically, the intrinsic interference of a m,n = 1 conveyed by the transceiver of FBMC/OQAM is illustrated in Table I , where the prototype filter used is derived from [3] . Fortunately, when a m,n is a real symbol, a m−1,n , a m+1,n , a m,n−1 and a m,n+1 are imaginary symbols. Therefore, the intrinsic interference can be avoided, which is the so-called OQAM. However, due to the intrinsic interference, the conventional channel estimation and MIMO schemes used in OFDM systems cannot be directly applied to FBMC/OQAM.
III. FBMC/QAM TRANSCEIVER ARCHITECTURE
In this section, we present a new FBMC/QAM transceiver architecture. According to this scheme, a model that is more suitable for short package transmission is also proposed. Moreover, the impact of different pulse shaping filters on the BER performance is also compared.
A. FBMC/QAM AND CS-FBMC/QAM TRANSMITTER
The input of FBMC/QAM is a complex-valued QAM matrix D = d m,n M ×N . The elements of D correspond to a timefrequency grid, where d m,n denotes the data transmitted on the nth sub-carrier during the mth symbol time, N is the total number of sub-carriers, and M is the number of symbols. Then, D is reshaped by parallel-to-serial conversion to a sequence
where
Similar to OFDM, the upconversion of the sub-carriers can be realized through the Inverse Discrete Fourier Transform (IDFT). This operation corresponds to a multiplication with the IDFT matrix. However, in order to reduce the large sidelobe levels resulting from the rectangular pulse of OFDM, any schemes of FBMC, including FBMC/QAM, utilizes welldesigned pulse shapes. The combination of the IDFT matrix and the prototype filter can be expressed as
The sub-carrier spacing is 1/N . K is the upsample factor, and generally K = 4. Conventional FBMC uses OQAM to transmit the real and imaginary parts of complex-valued symbols, and the real or imaginary part is delayed by half the symbol duration. However, the proposed scheme of FBMC directly uses QAM, hence contiguous symbols partially overlap one another with N as shown in Fig. 1 . Therefore, the overlap and sum structure of the matrix can be composed of W as illustrated in Fig. 2 . The output of the transmitter in the FBMC/QAM system can be carried over to the more convenient form as follows
where G is the transmitter matrix of the FBMC/QAM scheme. This expression for generating the transmit signal allows applying standard receive methods. Moreover, with respect to implementation, the transmitter is just a matrix VOLUME 6, 2018 multiplication. Hence, a benefit of the new transceiver of FBMC/QAM is that scaling the matrix or using different precomputed matrices is an easy way to adapt the transmit signal to different frequency bands. The transmitter of the proposed FBMC/QAM scheme also can be expressed as
where l ∈ Z is the sample index, a m,n denotes a complexvalued QAM symbol. This means that FBMC/QAM can select arbitrary QAM symbols like OFDM rather than only using the real or imaginary symbol like FBMC/OQAM. Of particular note is that the symbol rate of the FBMC system which transmits QAM symbols is the same as CP-OFDM. However, the time domain symbol length of FBMC/QAM is much longer than that of OFDM, which is not suitable for short package transmission. In order to reduce the time domain symbol length of FBMC/QAM scheme, a CS-FBMC/QAM scheme is also proposed, which is a different form of FBMC/QAM. Cycle superimposition can also be implemented by a matrix, and the final constructed matrix is shown in Fig. 3 .
The output of the transmitter in the CS-FBMC/QAM matrix scheme is given by [25] s =Gd,
whereG is the transmitter matrix of the CS-FBMC/QAM scheme. The benefits of the CS-FBMC/QAM matrix scheme lie that the transmission time domain signal is shorter than the CP-OFDM systems. Hence, the CS-FBMC/QAM matrix scheme is more suitable for short package transmission. 
B. RECEIVER 1) MATCHED FILTER RECEIVER
One way to receive the FBMC/QAM signal is to apply a matched filter on each sub-carrier separately. The main disadvantage of the MF receiver is that the ISI and ICI resulting from non-orthogonal pulse shapes can severely deteriorate the BER performance. As the received signal is arranged into a vector, the matched-filter receiver is described as followŝ
where (·) H denotes Hermitian conjugate.
2) ZERO FORCING RECEIVER
Another method is the ZF receiver, which uses the inverse transmission matrix to mitigate the ISI and ICI. The ZF receiver can be described aŝ
However, it also gathers noise from outside the band of interest, which results in noise enhancement.
3) MINIMUM MEAN SQUARE ERROR RECEIVER
A major drawback of the ZF receiver is that the noise might be amplified. This weakness is addressed by the minimum mean square error (MMSE) receiver
C. CONDITION NUMBER Thanks to matrix theory, it can be seen from (8) that if the condition number of matrix G is large, the numerical stability is poor. That is, a slight change in s may cause a great change in d. However, if the condition number of matrix G is small, the numerical stability is good. That is, a slight change in s only cause a small change in d. Therefore, the condition number of matrix G can be used as a criterion for selecting the filter. After the singular value decomposition of matrix G, the singular value matrix is obtained. Taking out the maximum singular value and the smallest singular value in matrix G, the ratio of the two value is defined as the condition number. Actually, the condition number indicates the sensitivity of calculation to errors. As can be seen from Table II , the condition number of the PHYDYAS filter and the square root raised cosine (SRRC) filter are 6.6966 and 2.6535, respectively. Therefore, from the perspective of condition number, it can be predicted that the receiving performance of the SRRC filter is better than that of the PHYDYAS filter.
IV. CHANNEL ESTIMATION FOR FBMC/QAM SCHEME
In this section, our purpose is to verify whether the proposed FBMC/QAM matrix scheme can use the same channel estimation technique used in conventional OFDM systems. 
A. IDEAL CHANNEL ESTIMATION
In OFDM systems, after removing the CP, the output signal of the channel can be expressed as
where ⊗ denotes circular convolution. In the frequency domain, equation (16) can be written as follows
where H and W are the DFT of h(n) and w(n) in (16), respectively.
For ideal channel estimation, the channel characteristics H in the frequency domain are well known at the receiver side. Consequently, after FDE, the OFDM frequency signal can be expressed asS
whereW = W /H . In the FBMC/OQAM system, equation (5) can be rewritten asâ
The intrinsic interference ju p,q is the imaginary part from the neighboring symbols and sub-carriers. Therefore, we can select the real field to obtain the accurate demodulated signal after FDE.
In the FBMC/QAM scheme, after MF detector, the output signal can be described aŝ
It can be seen that the intrinsic interference I p,q cannot be eliminated by the MF receiver. Therefore, the ZF or MMSE receiver needs to be employed to eliminate the intrinsic interference.
B. LS CHANNEL ESTIMATION
The optimality criterion of the least squares (LS) method is to minimize the least square errors to find an optimal estimator for the unknown parameters. The normalized value can be written as
The channel coefficient of FBMC/QAM using LS estimation at pilot positions can be obtained as follows
whered p and d p denote the pilot position ind and d, respectively. Thus using interpolation methods can obtain the whole channel characteristics H LS . Since the intrinsic interference can be eliminated by the ZF or MMSE receiver, a nearly accurate channel coefficient can be obtained. However, when OQAM demodulation is applied in the FBMC/OQAM system, the channel coefficient H m,n is destroyed by selecting the real field. Therefore, it is difficult to implement real channel estimation in the conventional FBMC/OQAM system due to OQAM. 
V. SPACE-FREQUENCY BLOCK CODING FOR FBMC/QAM SCHEME
The simplified block diagram for MIMO FBMC systems with Alamuoti SFBC is shown in Fig. 5 . The transmit data d from (6) is firstly applied to SFBC encoding. Then, the output signals d 1 and d 2 for the first and second transmit antenna are defined as follows
where i = 1, 3, · · · , MN − 1. The two data d 1 and d 2 are modulated with the FBMC/QAM transmitter independently. Therefore, the receive signal y r at receiver antenna r is written as
where H tr is the channel convolution matrix from the transmit antenna t to receive antenna r. At the receiver side, before SFBC combining, the signal on each of the R receiver antenna is demodulated by matrix
where H tr denotes the DFT of the channel impulse response h tr , B is the receiver matrix, which can be the MF, ZF or MMSE matrix. For ease of exposition, we regard B = G H G −1 G H as the ZF receiver matrix. Equation (28) can also be described in detail as followŝ
where H tr i denotes the ith point of the DFT of the channel impulse response h tr , andd r i is the ith point of thed r on the receiver antenna r. Therefore, the SFBC combining is carried out separately according to the following rule
VI. LOW COMPLEXITY IMPLEMENTATION OF THE TWO PROPOSED FBMC/QAM SCHEME
Since intrinsic interference cannot be eliminated by the MF receiver, and the MMSE receiver has an impractical complexity, this section investigates a low-complexity implementation of the ZF receiver.
A. FBMC/QAM LOW COMPLEXITY IMPLEMENTATION
As shown in (12), the ZF receiver can be rewritten aŝ
We define that B = G H G −1 and P = G H r. Then, (31) can be regard asd
All circulant matrices can made diagonal through the use of the DFT. Therefore, C i,j can be expressed as
where F −∞ and F represent the IDFT and DFT, respectively.
i,j = diag v i,j andv i,j is the DFT of the first column of C i,j . Then,d i fromd can be calculated by the following equation
where i, j = 1, 2, · · · , M . The detailed diagram of the FBMC/QAM-ZF low complexity receiver is shown in Fig. 6 . 
B. CS-FBMC/QAM LOW COMPLEXITY IMPLEMENTATION
In this section, we study on the low complexity implementation of the CS-FBMC/QAM matrix scheme [26] . Without loss of generality, the received signal can be simplified as r =Gd + w.
Then the DFT is applied on both sides of (37). Hence, the above equation can be expressed as
MN , equation (38) can be rewritten as
wherer,d andw denote the frequency signals of r, d and w, respectively. It is found that B has the following characteristics:
According to the structure of B, one can obtain a diagonal block matrix by rearranging rows and columns. The specific arrangement is as follows. TakE a row in every M rows and select one in every M column, then pile them together. The resulting diagonal block matrixB is as follows whereB m is an N × N matrix. The structure ofB m is represented as follows
In order to ensure equality of both sides of the equation,r andw also perform the same row arrangement as B to obtaiñ r andw.d also performs the same column arrangement as B, to obtaind. Thus, the arranged expression can be written as r =Bd +w.
SinceB is a diagonal block matrix, each of the sub-block can be solved independently. Therefore, equation (43) can be broken down intor
Thus the receiver can divide the data into small pieces to obtain the signald
where Q is the receiver matrix. In order to recover the desired signal, it is necessary to take a column in every M columns ofd to getd . Then, the final signal d can be obtained after the IDFT.
VII. SIMULATION RESULTS
In this section, we compare the BER performance of the proposed FBMC/QAM and CS-FBMC/QAM matrix scheme with those of the conventional FBMC/OQAM and OFDM systems. The detailed simulation parameters are listed in Table III . It can be seen that the proposed FBMC/QAM scheme has the lowest OOB emissions. As the time domain symbol of CS-FBMC/QAM is superposed by cycle, the OOB emissions of CS-FBMC/QAM is higher than that of FBMC/QAM, but it is still better than those of OFDM and FBMC/QAM in [19] . OFDM uses the rectangular pulse shape to yield higher OOB emissions. FBMC/QAM in [19] utilizes two filters on odd and even numbered sub-carriers. However, due to the abrupt changes in the odd filter, the OOB emissions becomes very high.
B. PERFORMANCE COMPARISON IN AWGN CHANNEL
As can be seen from Fig. 8 , the BER performance of the proposed FBMC/QAM and CS-FBMC/QAM matrix scheme using the PHYAYDS filter is worse than that of OFDM and FBMC/OQAM system in the AWGN channel [27] . This is due mainly to the choice of the filter. When a PHYAYDS filter is applied, serious intrinsic interference is experienced, which is hard to eliminate by the ZF or MMSE receiver only. FBMC/QAM in [19] can also achieve the same BER performance compared with OFDM, since the interference between adjacent carriers is eliminated. The Turbo coded BER performance also shows that the FBMC/QAM and CS-FBMC/QAM matrix scheme cannot demodulate the similar results as OFDM due to the effect of self-interference. However, it can be seen from Fig. 9 that the performance of the proposed FBMC/QAM and CS-FBMC/QAM matrix scheme is much better than that of Fig. 8 . The simulation results are consistent with the conclusion of the condition number in Section III. The Turbo coded BER performance of FBMC/QAM and CS-FBMC/QAM matrix scheme is almost the same as OFDM systems.
C. PERFORMANCE COMPARISON IN PB CHANNEL
In the previous subsection, It is proved that the performance of the SRRC filter is better than that of the PHYAYDS filter in FBMC/QAM and CS-FBMC/QAM matrix scheme. Therefore, only SRRC filter is used in the following simulations [28] . Fig. 10 depicts the BER performance of the proposed FBMC/QAM and CS-FBMC/QAM matrix scheme in the PB channel with ideal estimation. It can be seen that the FBMC/OQAM system can achieve the same BER performance as the OFDM system, since the channel characteristics are well known at the receiver side [29] . When in the high SNR region, the performance of FBMC/QAM in [19] is worse than that of OFDM. The proposed FBMC/QAM and CS-FBMC/QAM matrix scheme suffer from intrinsic interference because of the use of the QAM symbol. However, the intrinsic interference is not the predominant factor when passing through the multi-path fading channel. Therefore, the proposed FBMC/QAM and CS-FBMC/QAM matrix scheme can still achieve almost the same BER performance when compared with the OFDM systems. When 64QAM modulation is employed, the BER performances of all the FBMC scheme slightly deviate from OFDM at high SNRs, especially the MF receiver. Obviously, this is also due to the effect of the intrinsic interference.
1) IDEAL CHANNEL ESTIMATION

2) LS CHANNEL ESTIMATION
When ZF or MMSE receiver is used, the proposed FBMC/QAM CS-FBMC/QAM matrix scheme in Fig. 11 can almost achieve the same BER performance compared with OFDM systems. The performance of FBMC/QAM with MF receiver becomes worse due to the intrinsic interference. The performance of FBMC/QAM in [19] is still worse in the high SNR region. The FBMC/OQAM system has the worst BER performance because FBMC/OQAM cannot estimate the channel coefficient correctly without the use of other means. Fig. 12 illustrates the MSE of LS channel estimation for the proposed FBMC/QAM and CS-FBMC/QAM matrix scheme over the PB channel. The results show that the FBMC/OQAM receiver is unable to completely estimate the channel characteristic. As FBMC/OQAM is a real orthogonal system, which needs to transmit the real and imaginary parts of complex-valued symbols. However, the channel coefficient is destroyed by selecting the real field. When in the high SNR region, self-interference becomes the main interference. Therefore, the channel estimation performance of FBMC/QAM-MF receiver is worse than that of OFDM systems, since the FBMC/QAM-MF receiver has no counter-measures for self-interference. The FBMC/QAM-ZF, FBMC/QAM-MMSE, CS-FBMC/QAM-ZF and FBMC/QAM in [19] can mitigate self-interference. Thus, the channel estimation of these receivers can almost achieve the same MSE performance compared with OFDM systems. 
3) MSE OF LS CHANNEL ESTIMATION
D. PERFORMANCE COMPARISON OF SFBC FOR FBMC/QAM SCHEME
It is possible to observe from Fig. 13 that SFBC-FBMC/OQAM still cannot get the correct result even using ideal estimation. As SFBC encoding and combining requires conjugate operations, which breaks the characteristics of intrinsic interference in the SFBC-FBMC/OQAM system. Consequently, SFBC-FBMC/OQAM cannot effectively use OQAM to eliminate the intrinsic interference. The performance of SFBC-FBMC/QAM in [19] is similar to that of the proposed SFBC-FBMC/QAM-ZF. As the SNR increases, the BER performance of the SFBC-FBMC/QAM-MF scheme decreases relative to the SFBC-OFDM system, because the SFBC-FBMC/QAM-MF receiver does not have any counter-measures to self-interference. The SFBC-FBMC/QAM-ZF and SFBC-CS-FBMC/QAM-ZF receiver can mitigate the self-interference. However, in the high SNR region, the enhanced noise also leads to performance degradation relative to SFBC-OFDM. The SFBC-FBMC/ QAM-MMSE receiver has the best BER performance in the proposed FBMC/QAM scheme, since the MMSE receiver is designed in consideration of both self-interference and noise. In FBMC/OQAM, the receiver requires twice KN -point filter multiplication and N -point DFT in per symbol. Therefore, the receiver computational complexity C FBMC/OQAM can be calculated as 2M 1 2 N log 2 (N ) + KN . In the FBMC/QAM matrix scheme, due to the fact that the receiving matrices of MF and ZF can be stored in advance, thus they have the same computational complexity.
E. COMPLEXITY ANALYSIS
The FBMC/QAM-ZF-Low receiver can be divided into two parts according to (34). In the first part, the result of P can be regard as an MF receiver which can be obtained by the FBMC/QAM non-matrix scheme. The FBMC/QAM non-matrix scheme needs once KN -point filter multiplication and N -point DFT per symbol. Hence, the computational complexity of FBMC/QAM is M The computational complexity discussed above is evaluated and plotted in Fig. 14 for N = 1024 with respect to different values of M . Due to the fact that the complexity of the MMSE receiver with direct matrix inversion and multiplications is prohibitively high compared with other techniques, it is not presented in our comparison. As depicted in Fig. 14 , the computational complexity of the proposed FBMC/QAM-ZF-Low is more than 100 times lower than those of FBMC/QAM-MF and FBMC/QAM-ZF, when the number of symbols M is small. Moreover, the computational complexity of the proposed FBMC/QAM-ZF-Low is also lower than that of FBMC/QAM in [19] , when the number of symbols is less than 4. When M = 1, the complexity of FBMC/QAM-ZF-Low and FBMC/OQAM is basically the same. However, as the number of symbols M increase, the complexity of FBMC/QAM-ZF-Low becomes higher than that of FBMC/OQAM, because the complexity of the second part of FBMC/QAM-ZF-Low is greatly affected by the number of symbols M . In the CS-FBMC/QAMLow, the receiving matrix is divided into M submatrices. Therefore, the complexity of the CS-FBMC/QAM-Low is becomes lower and lower than the CS-FBMC/QAM-MF and CS-FBMC/QAM-ZF as M increases. Therefore, the lowcomplexity approach is more suitable for the situations where the number of symbols is large.
F. STORAGE ANALYSIS
In the proposed FBMC/QAM matrix scheme, The matrix dimensions of the ZF receiver G + depends on the number of symbols and sub-carriers. With the increase of the number of symbols and sub-carriers, the matrix dimension becomes very large. Hence, it is necessary to optimize the storage of the receiving matrix.
As can be observed from (34), P is the result of the MF receiver which can be obtained by the FBMC/QAM nonmatrix scheme. Therefore, it only needs to store a KN point filter at the receiver side. It can be seen from (35) and (36) that B is an MN × MN symmetric matrix, and C i,j is an N ×N circulant matrix. Therefore, it is only necessary to store the upper or lower triangular matrix of B. Furthermore, each matrix C i,j can be represented by its first column elements. Finally, the required storage space for matrix B is
. Hence, the total storage space of the low complexity the ZF receiver is
+ KN . Compared with the ZF receive matrix, the ratio of required storage space is as follows
For example, when M = 14, N = 1024, K = 4, the storage space of the low-complexity ZF receiver is 4.47 × 10 −4 times lower than that of the ZF receiver.
VIII. CONCLUSION
In this paper, a FBMC/QAM matrix model was proposed, which is able to transmit QAM symbols in the FBMC system. Based on the model, the CS-FBMC/QAM scheme was also proposed, which is more suitable for short package transmission. At the receiver, the ZF receiver was mainly selected to eliminate intrinsic self-interference. The BER performance of the proposed FBMC/QAM and CS-FBMC/QAM matrix scheme in conjunction with conventional channel estimation and MIMO techniques was also evaluated. Moreover, the low-complexity ZF receiver structure for the FBMC/QAM and CS-FBMC/QAM matrix scheme was designed, which is capable of effectively reducing the complexity of the ZF receiver. The simulation results demonstrated that the proposed FBMC/QAM and CS-FBMC/QAM matrix scheme works well with the conventional channel estimation and MIMO techniques. What's more, the two proposed matrix schemes both had lower OOB emissions than OFDM systems, which may have more advantages in asynchronous transmission. In the future work on FBMC/QAM matrix scheme, the asynchronous transmission performance will be evaluated. In addition, the combination of FBMC/QAM matrix scheme with non-orthogonal multiple access (NOMA) will also be investigated, especially in the case of asynchronous interference. 
